Expanding the frequency response of the electrocardiogram and its derivative to 1,000 cps revealed notching in certain parts of the QRS complex which correlates with the presence of primary myocardial disease. Chi-square analysis of data from 169 patients with myocardial involvement indicated that notching on the downstroke of leads X, V4, and V6 separated abnormal from normal patients at the 1% level of significance, whereas fine and coarse slurring showed reverse correlation at the 1% level of significance. This suggests that notching and not slurring is the important evidence of disease. Neither notching nor slurring was significant at the peak of the R wave in any lead. Study of individual cases revealed that complete right and left bundlebranch blocks do not mask high-frequency components caused by myocardial disease nor do they produce high-frequency components. Conclusions regarding specific diagnostic criteria, however, should serve only as guidelines.
they concluded that the abnormal electrocardiograms were due to lesions in the Purkinje network. They suggested that the condition be known as arborization block.
Unfortunately, conventional electrocardiographic equipment with its poor high frequency response and slow paper speed is incapable of recording these phenomena. 3 Recognizing this, Langner and associates4-10 have used the cathode-ray oscilloscope and an expanded time scale to demonstrate these high-frequency waves in patients with coronary artery disease. Franke and associates"1 have shown frequency components up to 3,000 cps, which was well above the noise level in some subjects, and have noted abnormal power spectra in ischemic heart disease. The two large studies reported to date8 11 have dealt solely with coronary artery disease. The present study was designed to determine criteria which permit separation of three abnormal groups of patients from a normal gi three groups of patients studied had diseases affecting the heart, noncorc diomyopathy, and coronary artery dis Methods Two techniques giving comparable r( used for expanding the frequency respc electrocardiogram and its derivative to limit of 1,000 cps. In the first 80 st ECG and its derivative were recorc taneously on a tape recorder employing tronics at 30 inches per second and sequently reproduced on an oscillogr inches per second. In more recent patients were studied by simply pho the QRS complex on the face of an os using a sweep speed of 500 mm/secor tronix 502 dual beam oscilloscope al C-12 Tektronix Polaroid oscilloscop were used. The technique of recording ative of the electrocardiogram to acce high frequency components was used b and associates.9' 10 The circuit diagrar ified by the authors to give a frequenc 1,000 cps is shown in figure 1 . In pr derivative aids in distinguishing a not slur in the electrocardiogram, since the positive deflection, and connecting this lead after appropriate amplification to the external synchronization connection of the 502 oscilloscope. It was important that this lead have no Q wave, since even a small negative deflection delayed appearance of the QRS complex, causing part of the complex to be missed. Where such a lead could not be found, an alternative procedure was to use one QRS complex to trigger the sweep and display of the next QRS complex. Because of variations in heart rate, this technique resulted in some difficulty in centering the QRS complex on the screen. Standardization was accomplished by introducing a 0.5 mv, 60 cycle sine wave into both amplifier channels and adjusting the gain of the electrocardiographic channel to 1.1 cm deflection, and that of the derivative channel to 2.2 cm. With a 0.9 reduction of image size by the camera, this resulted in approximately 0.5 mv = I cm (ECG) and 2 cm (dv/dt) at 60 cps on the finished print.
The records from the 169 patients were studied by one of the investigators counting the number of slurs and notches on the upstroke (U), peak (P), downstroke (D), and from the nadir of S to the base line (S) in each of five leads. These data and available clinical information were coded on IBM cards, and the statistical analyses were programmed in MAD for an IBM 7090 computer at the University of Michigan Computing Center.
Patient Selection
In the group of 169 patients having five or more leads recorded, there were 76 normal patients with a mean age of 26 years. Six of these patients showing questionable evidence of incomplete right bundle-branch block were retained in the study, but separate evaluation of the 70 normal patients without this condition was carried out.
The 93 patients with abnormal hearts were selected if there was reasonable clinical evidence of myocardial involvement by some pathological process. Forty-two patients had noncoronary cardiomyopathies. In this group there were 12 with scleroderma with systemic involvement, five with Friedreich's ataxia, and several patients with each of the following: myocarditis, acromegalic heart disease, amyloid heart disease, polyarteritis, muscular dystrophy, idiopathic cardiomyopathy, hemachromatosis, myotonia congenita, systemic lupus erythematosus, allergic vasculitis, sarcoid heart Circulation, Volume XXXV, January 1967 disease, and alcoholic cardiomyopathy. Fourteen patients had hypertensive or rheumatic heart disease, and 12 had complete right or left bundle-branch block. The remaining 25 patients had various stages of coronary artery disease, though patients with frank infarction by electrocardiogram were generally omitted from the study, except where peri-infarction block or left bundle-branch block complicated the infarction pattern.
Results
A notch was defined as a change in direction of the trace. These were most easily recognized by counting the spikes in the derivative which crossed the base line, omitting the primary spikes caused by the peaks of the Q, R, and S waves. The difference between fine and coarse slurring was more difficult to quantitate. The former produced beading in the trace and occurred in groups which caused several spikes in the derivative, exceeding 1.5 cm with normal standardization. Only the presence or absence of fine slurring was noted. Coarse slurring was more often grossly visible in the electrocardiographic trace as a single slur with the derivative failing to cross the base line.
For each portion (U, P, D, and S) of the QRS complex of each lead, a table was prepared giving the number of patients in the normal and abnormal groups having no notches, one notch, two notches, and so on up to nine or more notches. Similar tables were prepared for coarse and fine slurs. This served as the basis for a chi-square test. Because the number of patients having more than one or two notches (slurs) was too small for application of the chi-squ-re test to the full table, the groups having the higher number of notches (slurs) were lumped to give a 2 by 2 table (zero notches versus one or more) or a 2 by 3 table (zero notches, one notch, and two or more notches). The results are given in table 1. Notching on the downslope of the R wave of leads X, V4, and V6, and in the S wave of lead V4 discriminated either the 73 or 93 abnormal patients from 70 normal patients at the 1% level of significance in the expected 
(1)
*These two columns represent a selection removing certain normals whose standard ECG showed secondary R waves in V1, thus suggesting incomplete right bundle-branch block. The third column removes 20 abnormals in which cardiac involvement was minimal.
Abbreviations: Nnormals; A = abnormals; Uupstroke; P = peak; Ddownstroke; S = nadir to base line; W = reverse correlation, notching, or slurring being less frequent in the abnormal; (1) = one degree of freedom, a 2 by 2 table (normals and abnormals versus no notching [or slurring] and one or more notches [slurs]); (2) -two degrees of freedom, a 2 by 3 table (normals and abnormals versus no notching [slurring], one notch [slur], and more than one notch [slur]), and -= significance less than at the 5% level. direction; that is, more notches were found in the abnormal patients. The 73 abnormal patients represent a selection from the 93 abnormal patients in which cardiac involvement was more certain as manifested by such findings as definite rather than borderline cardiac enlargement by x-ray examination. Since the significance of notching did not change greatly by this selection, and data from both selected and unselected groups are presented, the details of selection are not discussed. Table 1 shows that in certain parts of QRS notching discriminates the abnormal from the normal group of patients with a high level of Circulation, Volame XXXV, January 1967 Lead x y V2 V4 V6 confidence, but in the unexpected direction. Notching thus tends to disappear in leads Y-U, V2-U, V2-D, V2-S, and V2-total in the abnormal group of patients when compared to the normal group. Table 1 also shows that both fine and coarse slurring show a similar reverse correlation, as they are present more frequently in the normal group of patients. This reverse correlation was unexpected, and until this is better understood, the absence of notching or slurring should not be used as a diagnostic criterion. It is apparent from examination of the tracings that, when notching is excessive, as shown in leads X or V6 of figure  3 , slurs are less easily recognized and also there appear to be fewer of them even in this situation; whereas, slurring of mild extent is commonplace in certain leads taken on normal patients as shown in figure 4 . Since slurring of both fine and coarse types shows this reverse correlation, except for the isolated correlation in lead V4-D (where fine slurring is in the expected direction), for the time being all slurring has been ignored in setting up diagnostic criteria. Table 1 indicates that notching and slurring at the peak of the R wave are not significant, and in fact are found with equal frequency in A. S. AGE 42 FRIEDREICH 'S ATAXIA both normal and abnormal groups of patients. For this reason, the part of the QRS complex at the peak of the R wave has not been included in the diagnostic criteria for these studies, and it would seem wise to omit the peak of R waves from any program for spectral analysis.
From a practical point of view, leads Y and V2 are not very helpful because of the high incidence of normal notching and reverse correlation with slurring. Since notching in leads V4 and V6 gave better discrimination between the abnormal and normal groups of patients, it would be wise to take additional left-sided chest leads. Table 2 compares the percentage of patients in the three categories who show notching in parts of the QRS complex considered most significant. It is probable that notching is nonspecific and is unrelated to the type of disease which affects the myocardium, although a higher percentage of patients show notching among the cardiomyopathies than among the groups of patients with coronary artery disease or collagen disease. This may be due to the fact that patients in the last two groups are selected at an earlier stage of their disease because of specific symptoms; The typical normal ECG (above) and derivative (below) in this normal patient show normal slurring in Y-upstroke and downslope, notching and slurring in Z-S wave, and a notch in V2-S wave. The downslopes of leads X, V,,, and V6 are free of notching and slurring. the cardiomyopathies are detected later in their course, presenting such late signs as cardiac enlargement and congestive heart failure as the first recognizable manifestations. Table 3 shows how the number of notches in the significant leads helps discriminate the abnormal from the normal patients. The maximum number of notches in the normal group was one in leads X-D, V4-S, and V6-D and two notches in lead V4-D. In the abnormal patients, as many as five to eight notches were found in these leads. The high number of abnormal patients failing to show notching in these leads suggests that notching may be present only in the later stages of disease. Many questions could not be answered by the statistical methods because there were insufficient examples available for study. Tentative answers to some of these questions are given by study of single patients.
Since endocardial fibrosis and the assumed arborization block have been shown capable of causing notching in the QRS complex, it is proper to determine what effect complete right and left bundle-branch block would have in producing high frequency components or in masking underlying disease. Study of a single patient with transient left bundlebranch block who had a normal electrocardiogram at other times and no clear evidence of heart disease shows no high frequency changes during the period when left bundlebranch block was present ( fig. 5 ). Uncomplicated right bundle-branch block shows a few notches in leads Y, Z-S, and V2-S ( fig. 6 ). Notching in leads Y and V2-S shows reverse correlation, being present more often in these leads from the normal patient and is consid-ered normal in these studies (table 1. ). On the other hand, when right bundle-branch block was observed in a patient with systemic sclerosis and cardiac enlargement ( fig. 7 ), there were abnormal high-frequency changes, especially in lead V4-D, where notching was significant. Peri-infarction block ( fig. 8 The standard ECG (not shown) is interpreted as complete right bundle-branch block (RBBB). The high fidelity ECG (above) and its derivative (below) confirm RBBB as manaifest by prolongation of the QRS interval and broad S waves in leads X and V6. It is significant that no abnormal high frequency components have been produced by the conduction defect. The notches seen in leads Y-U, Y-D, Z-S, and V2-S are present more frequently in electrocardiograms of normal than of abnormal patients. components which are produced by disease and neither do these major conduction defects add greatly to the high-frequency components normally present.
The question whether routine electrocardiograms taken with direct writing instruments can be used to predict either a normal or abnormal high fidelity tracing was studied by Circulation. Volume reading the standard tracings in terms of slurring, notching, beading, and the presence of low voltage which might indicate a positive or negative high fidelity electrocardiogram, without knowledge of the result of the latter. Of the 169 high fidelity electrocardiograms analyzed in this manner, 71% were correctly predicted by reading the standard electrocardiogram. Thus, 50% of 60 abnormal high fidelity tracings and 83% of 109 normal high fidelity electrocardiograms were correctly predicted. The fact that more of the normal than the abnormal records were correctly predicted suggests that there is, indeed, additional information in the high fidelity electrocardiogram. An example illustrating this situation is shown in figure 9 , where the standard lead V4 shows only blunting at the top of the R wave, but an amplified high fidelity lead V4 shows many fine notches in the upper part of the R wave, which were reproducible in successive tracings, and this is almost certainly an abnormal writer EGC. These changes, which were reproducible in successive tracings, are abnormal and suggest myocardial involvement in this patient with systemic sclerosis. See figure 10 also. Uncomnplicated right ventricular hypce trophy dtue to pr-itnary palmtonairy hypertentsionl. A single niotch which appears in the same location in leads V2-D, Y-D, and V6-D is the only abnormiiality. This suggests that unicomplicated right venttricular hypertrophly is probably not responsible for the high-frequency chaniges whicht are correlated with disease reported here. result. Figure 10 shows a microscopic section taken from this patient's heart at autopsy. Fine scarring surrounded most of the large coronary arteries and invaded the myocardium. The clinical diagnosis was systemic sclerosis, and this was supported by the finding of cardiac fibrosis in the presence of patency of the large coronary arteries.
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It is difficult to find patients with "pure" ventricular hypertrophy, since most conditions that produce cardiac enlargement are apt to cause some additional myocardial fibrosis. A few patients with probable "pure" right ventricular hypertrophy who were studied, such as the example shown in figure 11 , show little notching. In this instance, the single notch appearing on the downslope of several leads in approximately the same location suggested a common origin for this notch. Since so few high frequency changes have been observed in uncomplicated right ventricular hypertrophy, this suggests that hypertrophy alone is not responsible for notching. This was not true in patients with left ventricular hypertrophy, but in all of these instances, the associated lesion producing hypertrophy, such as hypertension or aortic stenosis, was also capable of causing subendocardial fibrosis.
As any specific disease becomes more advanced, the number of notches appears to increase, making it comparatively easy to recognize the abnormality. Records from patients with extensive disease are shown in figures 3 and 12. In each case, the voltage of the derivative is markedly increased from normal in most leads. Such examples unfortunately suggest that one of the chief uses of the high fidelity electrocardiogram may be in recognizing the end stages, rather than the early changes, of cardiac disease. Such tracings are, nevertheless, useful in many clinical situations. Thus, one might not elect to do coronary artery surgery or replace an aortic valve in the presence of such evidence pointing to extensive fibrosis of the myocardium. Attempts to detect early stages of disease, as in angina pectoris or familial hypercholesterolemia, have been somewhat unrewarding because the number and location of notches tend to overlap the high frequency changes found in the normal group. This 29-year-old woman has findings compatible with polyarteritis. The tracing is unusual in that no portion of the QRS complex in any lead is entirely free of notching. This would suggest extensive myocardial disease. D. Johnston for help with the project and the critical review and revision of the manuscript.
